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Abstract

Aims/hypothesis Abnormal gut microbiota and blood metabolome profiles have been reported both in children and adults with

uncomplicated type 1 diabetes as well as in adults with type 1 diabetes and advanced stages of diabetic nephropathy. In this study

we aimed to investigate the gut microbiota and a panel of targeted plasma metabolites in individuals with type 1 diabetes of long

duration without and with different levels of albuminuria.

Methods In a cross-sectional study we included 161 individuals with type 1 diabetes and 50 healthy control individuals.

Individuals with type 1 diabetes were categorised into three groups according to historically measured albuminuria: (1)

normoalbuminuria (<3.39 mg/mmol); (2) microalbuminuria (3.39–33.79 mg/mmol); and (3) macroalbuminuria (≥33.90 mg/

mmol). From faecal samples, the gut microbiota composition at genus level was characterised by 16S rRNA gene amplicon

sequencing and in plasma a targeted profile of 31 metabolites was analysed with ultra HPLC coupled to MS/MS.

Results Study participants were aged 60 ± 11 years (mean ± SD) and 42% were women. The individuals with type 1 diabetes had had

diabetes for a mean of 42 ± 15 years and had an eGFR of 75 ± 25 ml min−1 (1.73 m)−2. Measures of the gut microbial beta diversity

differed significantly between healthy controls and individuals with type 1 diabetes, either withmicro- or macroalbuminuria. Taxonomic

analyses showed that 79 of 324 genera differed in relative abundance between individuals with type 1 diabetes and healthy controls and

ten genera differed significantly among the three albuminuria groupswith type 1 diabetes. For themeasured plasmametabolites, 11 of 31

metabolites differed significantly between individuals with type 1 diabetes and healthy controls. When individuals with type 1 diabetes

were stratified by the level of albuminuria, individuals withmacroalbuminuria had higher plasma concentrations of indoxyl sulphate and

L-citrulline than those with normo- or microalbuminuria and higher plasma levels of homocitrulline and L-kynurenine compared with

individuals with normoalbuminuria. Whereas plasma concentrations of tryptophan were lower in individuals with macroalbuminuria

compared with those with normoalbuminuria.

Conclusions/interpretation We demonstrate that individuals with type 1 diabetes of long duration are characterised by aberrant

profiles of gut microbiota and plasma metabolites. Moreover, individuals with type 1 diabetes with initial stages of diabetic

nephropathy show different gut microbiota and plasma metabolite profiles depending on the level of albuminuria.

Electronic supplementary material The online version of this article

(https://doi.org/10.1007/s00125-020-05260-y) contains peer-reviewed

but unedited supplementary material, which is available to authorised

users.
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Introduction

A large community of diverse bacteria live in the human intes-

tinal tract in symbiosis with each other and their human host.

Evidence suggests that aberrations in bacterial composition

and function, also known as dysbiosis, are linked to a variety

of chronic non-communicable diseases, including inflamma-

tory bowel disease [1], type 1 and 2 diabetes [2, 3] and end-

stage kidney disease (ESKD) [4, 5]. Dysbiosis, together with

intestinal barrier dysfunction, are hypothesised to exacerbate

abnormalities in the blood metabolome profile in individuals

with type 1 diabetes [6, 7].

Diabetic nephropathy is a common microvascular compli-

cation of type 1 diabetes and a leading cause of ESKD [8, 9].

The aetiology of diabetic nephropathy is complex, including

major risk factors such as hyperglycaemia and hypertension

[9]. Moreover, changes in the gut microbiota and plasma

metabolome occur at the various stages of diabetic nephropa-

thy and an aberrant gut microbiota has been suggested as a co-

triggering factor of kidney disease [10].

Therefore, using an explorative approach, the objective of

this cross-sectional study was to add to this nascent research

field by: (1) comparing intestinal microbiome profiles and

plasma metabolites in individuals with type 1 diabetes of long

duration with healthy control individuals of similar sex and

age distribution; and (2) elucidating whether differences in gut

microbiota composition and a panel of plasma metabolites

levels can be detected in individuals with type 1 diabetes at

initial stages of diabetic nephropathy compared with individ-

uals with type 1 diabetes without diabetic nephropathy.

Methods

Study population

A sample of 161 individuals with type 1 diabetes who were

followed at the outpatient clinic at Steno Diabetes Center

Copenhagen and 50 non-diabetic healthy control individuals

were recruited in a cross-sectional study during 2016–2017.

Included type 1 diabetes individuals were >18 years of age

and diagnosed with type 1 diabetes according to the WHO-

criteria. Exclusion criteria were: (1) non-diabetic kidney

disease; (2) renal failure (eGFR <15 ml min−1[1.73 m]−2),

dialysis or kidney transplantation; (3) change in renin–angio-

tensin–aldosterone system (RAAS)-blocking treatment during

the month prior to study inclusion; (4) treatment with systemic

antibiotics in the 3 months prior to recruitment; and (5) treat-

ment with systemic immunosuppressive agents. The individ-

uals with type 1 diabetes were stratified into three groups of

albuminuria based on the highest urine albumin/creatinine

ratio (UACR) level measured at the study visit or documented
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previously in two out of three consecutive urine samples with-

in 1 year (as albumin content in 24 h urine samples [UAER] or

UACR). The three albuminuria groups consisted of 50 with

normoalbuminuria (<3.39 mg/mmol corresponding to

<30 mg/24 h or mg/g), 50 with microalbuminuria (3.39–

33.79 mg/mmol corresponding to 30–299 mg/24 h or mg/g)

and 61 with macroalbuminuria (≥33.90 mg/mmol correspond-

ing to ≥300mg/24 h ormg/g). Participants classified as having

normoalbuminuria did not have any recorded history of

micro- or macroalbuminuria. For the macroalbuminuria

group, at least 30 individuals were selected based on concur-

rent eGFR <60 ml min−1[1.73 m]−2. The study design is illus-

trated in electronic supplementary material (ESM) Fig. 1.

The control group was healthy volunteers by self-report,

who were recruited by newspaper advertisement within the

greater Copenhagen area. None of the healthy control partic-

ipants took any prescribed medication at the time of study

inclusion or had taken antibiotics 3 months prior to study

initiation. Study participants were recruited to ensure equal

distribution of sex and similar mean age in the four study

groups. The study was conducted in accordance with the

Declaration of Helsinki and approved by the Ethics

Committee of the Danish Capital Region (protocol

H-15018107). All participants gave written informed consent.

Bioclinical measures

Body weight (to nearest 0.05 kg) and height (to nearest

0.5 cm) of each participant were measured and used to calcu-

late BMI (body weight/height2 [kg/m2]). Cholesterol was

measured in plasma by an enzymatic method (Vitros 5600,

Ortho Clinical Diagnostics, USA). High-sensitivity C-reactive

protein (hsCRP) in serum was measured by a latex-enhanced

turbidimetric immunoassay method on a Cobas 8000 modular

c502 system. HbA1c was measured by HPLC calibrated

against the IFCC standard. Plasma creatinine was measured

by an enzymatic method (Vitros 5600, Ortho Clinical

Diagnostics, USA) and eGFR was calculated using the

Chronic Kidney Disease Epidemiology Collaboration

(CKD-EPI) equation [11]. UACR was measured in three

consecutive morning urine samples by an enzyme immunoas-

say and the geometric mean was calculated for each partici-

pant. Twenty-four hour blood pressure was recorded with a

validated device programmed to measure blood pressure

every 15 min between 07:00 hours and 22:00 hours and every

30 min between 22:00 hours and 07:00 hours (TM2430,

Takeda, Japan) [12]. Detailed medical history was obtained,

including current medication and history of diabetes compli-

cations, by interview and cross-referenced with electronic

patient records. Participants completed a questionnaire on

health and lifestyle, including information on smoking, alco-

hol consumption, defaecation habits and stool consistency on

the Bristol stool scale [13]. Information on diet was collected

based on a food frequency questionnaire (FFQ) used to obtain

frequency and portion sizes of food and beverage consump-

tion over the previous month and originally designed and

validated for use in a larger population-based study (the

Inter99 study) [14].

Faecal sampling, microbial DNA extraction, library
preparation and 16S gene amplicon sequencing

A faecal sample was collected for each participant at home

following a recommended standard protocol [15], with imme-

diate freezing of samples at home at −18°C. No later than 72 h

after collection, the frozen samples were transferred to the

laboratory on dry ice and stored at −80°C until DNA extrac-

tion. A total of 210 samples were collected (one participant

from the macroalbuminuria group failed to collect a stool

sample). All samples contained sufficient material for DNA

extraction, and DNAwas extracted using the NucleoSpin Soil

kit (Macherey-Nagle, Düren, Germany), according to the

manufacturer’s instructions.

Details on methods used for library preparation and 16S

gene amplicon sequencing are provided in the ESMMethods.

Processing of the raw sequencing DNA data to amplicon

sequence variants (ASVs) and quality control resulted in a

total of 4616 unique ASVs which underwent taxonomic anno-

tation and were merged at genus rank into a total of 324

genera. All annotated ASVs are listed in ESM Table 1.

Targeted ultra HPLC MS/MS analysis of selected plas-
ma metabolites

A previously validated panel of 34 metabolites was used for

targeted metabolomics analysis by mass spectrometry, as

previously reported [16], except that in this study leucine

was distinguished from isoleucine by difference in retention

time. The selection of plasma metabolites was based on clin-

ical relevance to diabetes and association with kidney func-

tion. A total of 31 metabolites passed the data quality checks,

of which 23 were quantified absolutely and eight relatively.

The 31 metabolites included in the analyses are presented in

ESM Table 2. A more detailed description of the targeted

metabolomics analysis is provided in ESM Methods.

Statistics

Descriptive analyses Unpaired Student’s t test or ANOVA for

continuous variables and χ2 test for categorical variables were

applied for comparison between groups. For non-normally

distributed variables, comparisons between groups were

performed by Kruskal–Wallis test. Results with a two-tailed

p value of <0.05 were considered significant.
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Microbiome analyses For alpha diversity the phyloseq R pack-

age was used to calculate richness, Shannon’s diversity index

and Simpson’s diversity index based on rarefied ASV abun-

dance [17]. The difference in alpha diversity between groups

was tested using ANOVA. Community structure (beta diver-

sity) was analysed using the vegan R package; multivariate

homogeneity of group dispersions was assessed using the

betadisper function, and difference in multidimensional

centroid assessed by permutational analysis of variance

(PERMANOVA) of Bray–Curtis dissimilarity and Jaccard

distances implemented in the adonis R function.

To assess the differences between study groups at genus

level, differential abundance analyses on unrarefied abun-

dance tables were performed using a negative binomial

Wald test as implemented in the DESeq2 R package [18].

Genera present in at least 10% of samples were analysed,

leaving 210 of 325 for analyses. In addition, the differential

abundance analyses were adjusted for medication, HbA1c and

diabetes duration, adding these as covariates to the Wald test

in DESeq2. A separate adjusted analysis was performed with

diet as a covariate. Relevant medication was chosen to include

use of RAAS-blocking treatment, other blood pressure-

lowering agents, diuretics, aspirin, statins and proton pump

inhibitors.

Adjustment for diet was performed using macronutrients

and energy intake obtained from a FFQ completed by the

participants [14]. To avoid multicollinearity between covari-

ates, principal component (PC) analysis was performed by a

singular value decomposition of the centred and scaled nutri-

ent values. The first three PCs, all with eigenvalues >1 and

capturing 95.2% of the variance combined, were selected as

covariates. To avoid the biologically implausible assumption

of constant fold change in relative abundance for each unit

change of the independent variable, each PC was divided into

quintiles and included as categorical covariates.

Differential relative abundance analyses on rarefied data

included 204 of the 325 genera. For all differential abundance

results, p values were corrected for multiple testing by apply-

ing the Benjamini–Hochberg procedure. A false discovery

rate (FDR) of <0.1 was considered significant.

Metabolome analyses Transformed and standardised metabo-

lomics data were used for one-way ANOVA and correlation

analyses, while transformed, standardised and imputed data

were used for ANCOVA and for partial correlation analyses.

A detailed description of the statistical analyses is given in

ESM Methods. In brief, for ANOVA, correlation analyses,

and partial correlation analyses with eGFR adjustment, data

assumptions were checked prior to testing and then parametric

or nonparametric tests were performed in accordance with met

assumptions. For ANOVA, differences between means were

tested among all individuals with type 1 diabetes and healthy

control individuals, and, in addition, among the three

albuminuria groups for the individuals with type 1 diabetes

(normo-, micro- and macroalbuminuria). In each ANCOVA,

differences in mean values for the metabolites between the

three albuminuria groups were adjusted for medication,

HbA1c and diabetes duration. Adjustment for diet was

performed in a separate analysis. For all tests, p values were

adjusted for multiple testing using Benjamini–Hochberg

procedure. An FDR of <0.1 was considered significant.

All statistical analyses were performed using R (http://

www.r-project.org/). Version 3.5.2 was used to analyse gut

microbiota data while version 3.6.1 was used for metabolite

data and for analyses of combined data.

Results

Clinical characteristics of the study sample

Our study included 211 participants (89 women) with an age

of 60 ± 11 years (mean ± SD). Individuals with type 1 diabetes

had a mean diabetes duration of 42 ± 15 years and an eGFR of

75 ± 25mlmin−1 (1.73m)−2. The clinical characteristics of the

study groups are presented in Table 1 and ESM Table 3. The

individuals wi th type 1 diabetes and micro- or

macroalbuminuria were more often treated with antihyperten-

sive drugs, diuretics and proton pump inhibitors than the

normoalbuminuric individuals with type 1 diabetes. Among

the individuals with type 1 diabetes, 24 h systolic blood pres-

sure, HbA1c and serum concentration of high-sensitivity C-

reactive protein were, as expected, higher with increasing

albuminuria grouping. The participants in the three albumin-

uria groups were comparable in the Bristol stool scale score

and in an estimate of bowel movement frequency. The daily

intake of macronutrients was significantly different between

albuminuria groups in protein, fat and fibre (ESM Table 3).

Overall, 44 individuals with diabetes had a concurrent eGFR

of <60 ml min−1 [1.73 m]−2, of which 30 individuals were in

the macroalbuminuria group (data not shown).

Gut microbiota diversity and community structure

At a rarefied sequencing depth of 90% of the lowest

read count (17,714 reads), assessment of alpha diversity

did not differ between the four study groups (ESM Fig.

2a–c; p ≥ 0.64). Analyses of Bray–Curtis dissimilarity

showed a difference in community structure dispersion

between the four groups (pomnibus = 0.008) (ESM Fig.

2d), with pairwise comparisons showing larger disper-

s ion in individuals with type 1 diabetes with

microalbuminuria (Tukey’s honest significance test p =

0.013) and macroalbuminuria (p = 0.017). Community

membership dispersion, as assessed by Jaccard dissimi-

larity, was similar in the four study groups (pomnibus =
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0.17, ESM Fig. 2e). We found, however, an overall

difference in centroid position (PERMANOVA p =

0.002) between healthy controls and individuals with

type 1 diabetes and microalbuminuria (p = 0.006) and

macroalbuminuria (p = 0.006) when the groups were

compared pairwise. Analyses of diversity and communi-

ty structure and membership at ASV level showed simi-

lar results.

Taxonomic profiles of type 1 diabetes and diabetic
nephropathy

We identified 79 genera that were differentially abundant in

individuals with type 1 diabetes and healthy control individuals

(Fig. 1 and ESM Table 4). Of these, Firmicutes was the most

dominant phylum (60 out of 79). Seventy genera were enriched

in individuals with type 1 diabetes compared with healthy

control individuals, of which the majority pertained to the fami-

lies Ruminococcaceae (22 genera) and Lachnospiraceae (11

genera). In contrast, nine genera were depleted in individuals

with type 1 diabetes. The most frequently depleted ones were

within the Lachnospiraceae family (four genera from this fami-

ly, including one of which was genus Lachnospira) and the

Ruminococcaceae family (two genera belonged to this family,

one of which was genus Faecalibacterium).

Among the individuals with type 1 diabetes, the abundance of

ten genera, predominately from the phylum Firmicutes (nine out

of ten), differed among the albuminuria groups (Fig. 2 and ESM

Table 5). The relative abundance of genus Solobacterium from

the Erysipelotrichaceae family was significantly enriched in the

macroalbuminuria group compared with the microalbuminuria

group, but significantly lower in the microalbuminuria group

than in the normoalbuminuria group. In addition, several genera

from the order Clostridiales were enriched in individuals with

macroalbuminuria compared with the normoalbuminuria group,

mainly from the Lachnospiraceae and Ruminococcaceae fami-

lies (including ASVs assigned to genera [Eubacterium]

fissicatena group and Anaerotruncus), and [Eubacterium]

nodatum group from the family XI_2II. In individuals with type

1 diabetes with microalbuminuria, genusMerdibacter,UBA1819

and [Eubacterium] nodatum groupwere enriched compared with

individuals with normoalbuminuria (the two latter also assigned

to Clostridiales). Even though statistical significance was not

reached, we found that several genera had a higher relative abun-

dancewith increasing albuminuria group (Fig. 2 and ESMFig. 3).

The influence of potential confounding was assessed by

adjustment for multiple medications (use of RAAS-blocking

agents, other antihypertensive drugs, diuretics, aspirin, statins

and proton pump inhibitors), HbA1c and diabetes duration (Fig.

2 and ESM Table 6). After adjustment for medication, 14 genera

differed among the three albuminuria groups; when further

adding HbA1c and diabetes duration in the model, 13 genera

differed among the three albuminuria groups at an FDR of

<0.1. Overall, the associations with albuminuria groups remained

for some genera after adjustment (a genus from the order

Selenomonadales, genus UBA1819 and the previous mentioned

Ruminiclostridium 5

UBA1819

Actinomyces DTU089

Intestinimonas

Erysipelatoclostridium

Solobacterium

UC5−1−2E3

Oscillospira

Eisenbergiella

Eggerthella
[Eubacterium] fissicatena group

Candidatus Soleaferrea

Ruminiclostridium 1
GCA−900066225
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Anaerotruncus

Anaerostipes
Dielma

Anaerofustis

Alloscardovia
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Fig. 1 ASVs at genus level that are differentially abundant in individuals

with type 1 diabetes and healthy control individuals. Volcano plot of

estimated log2-fold change in genera abundance between individuals with

type 1 diabetes (n = 160) and healthy controls (n = 50). Q represents

multiple testing adjusted p values (FDR) from negative binomial Wald

tests implemented in the R package DESeq2. Prevalence indicates the

percentage of participants in which a given genus is present.

Abundance indicates mean relative abundance (ppm) of a given genus.

Horizontal dotted line indicates an FDR of 0.1. Names of genera differ-

entially abundant at FDR <0.001 are given at the genus level. T1D, type 1

diabetes
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genera assigned to the Pasteurellaceae family), while other genera

showed stronger significant associations. These included genus

CHKC1002 and especially genus Prevotellaceae NK3B31 group

and genus CAG-352, which were significantly higher in the

macroalbuminuria group compared with the microalbuminuria

group in all adjusted analyses. Other associations lost significance

after adjustment, including [Eubacterium] fissicatena group and

genus Tyzerella, however, the overall pattern remained similar

with the different adjustments.

Adjustment for diet was added in a separate adjusted analysis,

where 25 genera differed among the three albuminuria groups

with an FDR of <0.1 (Fig. 3a and ESM Table 7). Information

on diet was missing for seven individuals with type 1 diabetes,

leaving n= 153 individuals for this analysis. Of the 25 genera, a

genus from the order Selenomonadales, a genus assigned to the

Pasteurellaceae family and genus Anaerotruncus had, as for the

other unadjusted and adjusted analyses, significantly lower rela-

tive abundance in themacroalbuminuria group comparedwith the

normoalbuminuria group. In addition, the abundance of the genus

assigned to the order of Selenomonadales was, together with a

genus of the family Corynebacteriaceae, lower in the

macroalbuminuria group compared with the microalbuminuria

groupwhichwas also observed in Fig. 2. As for the other adjusted

analyses (Fig. 2), the genus Prevotellaceae NK3B31 was also

significant when adjusting for diet with a higher relative abun-

dance in the macroalbuminuric group compared with the

microalbuminuric group.

The abundance of 17 genera, predominately assigned to the

Ruminococcaceae family, correlated inversely with eGFR, while

five genera (three from the order Clostridiales and two from the

order Bacteroidales) correlated positively with eGFR. Moreover,

the genera Ruminiclostridium 1, Anaerostipes and Candidatus

Soleaferrea were positively associated with UACR (ESM Fig. 4

and ESM Table 8).

Targeted metabolites profiles of type 1 diabetes and
albuminuria

In total, 11 of the 31 measured plasma metabolites differed

significantly in concentration between individuals with type 1

diabetes and healthy control individuals (Fig. 4).

Dimethylarginine (asymmetric [ADMA] and symmetric

[ SDMA] ) , α - a n d β - h yd r oxybu t y r a t e a nd N -

methylnicotinamide were higher, and five amino acids,

including tryptophan, were lower in individuals with type 1

diabetes compared with control individuals. Among the indi-

viduals with type 1 diabetes, differences between the three

albuminuria groups were predominately seen between

macro- and normoalbuminuria. Here, levels of indoxyl

sulphate and L-citrulline were higher in the macroalbuminuria

group compared with both the micro- and normoalbuminuria

groups. Furthermore, plasma concentrations of homocitrulline

and L-kynurenine were higher in individuals with

macroalbuminuria compared with individuals with

normoalbuminuria. The level of tryptophan was lower in

macroalbuminuric compared with normoalbuminuric partici-

pants. We did not find any difference in the measured metab-

olites between individuals with micro- or normoalbuminuria.

Fig. 2 ASVs at genus level associated with level of albuminuria in indi-

viduals with type 1 diabetes. Heatmap of associations (log2-fold change)

between bacterial genera and level of albuminuria in individuals with type

1 diabetes, without and with adjustment for medication, HbA1c, diabetes

duration and all three (medication, HbA1c and diabetes duration). FDR

represents adjusted p values from negative binomial Wald test imple-

mented in the R package DESeq2. Only genera with a significant asso-

ciation are shown. Results for all 210 genera are presented in ESM

Table 5 (unadjusted) and ESM Table 6 (fully adjusted). The colour key

indicates effect size as measured using Cohen’s d, with the histogram

summarising frequencies of effects in the plot. Dur, diabetes duration;

Macro, type 1 diabetes with macroalbuminuria; Med, medication;

Micro, type 1 diabetes with microalbuminuria; Normo, type 1 diabetes

with normoalbuminuria
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After adjustment for use ofmedication, HbA1c and diabetes

duration, the differences between the three albuminuria

groups remained significant for all metabolites, except for

dimethylarginine and tryptophan (Fig. 4). For homocitrulline

and indoxyl sulphate the associations were more pronounced

(FDR <0.01), and the difference between the macro- and

microalbuminuria groups became significant. Adjustment for

diet showed similar results as for the other adjusted analyses

(Fig. 3b).

Seven metabolites, including homocitrulline, ADMA and

SDMA, indoxyl sulphate and L-kynurenine were associated

with eGFR and six of these were also associated with UACR

(ESM Fig. 5). There was a negative association between

eGFR and the metabolites found to be significant, except for

tryptophan, which correlated positively. Of the six metabolites

significantly associated with UACR; five metabolites were

positively associated and tryptophan was negatively

associated.

To examine whether the gut microbiota taxonomy was asso-

ciated with the measured plasma concentrations of metabolites,

correlation analysis was performed between genera associated

with albuminuria strata, eGFR or UACR, applying a threshold

of FDR <0.1 (ESM Fig. 6) and, in addition, adjusting for eGFR

(ESM Fig. 7). Circulating concentrations of tryptophan, leucine

and homocitrulline were inversely associated with annotated

bacteria at the genus level and cholic acid, homocitrulline, citrul-

line, ADMA and SDMA were positively associated with anno-

tated bacteria. These associated bacteria included both ASVs

assigned to the Ruminococaceae and the Lachnospiracae fami-

lies. Correction for eGFR did not overall change the results,

although some correlations were less pronounced (ESM Fig.

7). Partial correlations analyses including metabolites, bacterial

taxa and renal variables in the same analyses showed similar

results (ESM Fig. 8).

Fig. 3 ASVs at genus level and plasma metabolite levels associated with

level of albuminuria in individuals with type 1 diabetes, adjusted for diet.

(a) Associations (log2-fold change) between bacterial genera and level of

albuminuria in individuals with type 1 diabetes with adjustment for diet.

FDR represents adjusted p values from negative binomial Wald test

implemented in the R package DESeq2. Only genera with a significant

association are shown. Results for all 210 genera are presented in ESM

Table 7. (b) Differences in plasma metabolites among the three groups of

albuminuria tested with adjustment for diet. Only results from those with

one ormore test at FDR <0.1 are included. The colour key indicates effect

size as measured using Cohen’s d with the histogram summarising

frequencies of effects in the plot. Cit, L-citrulline; Crea, creatinine;

HCit, homocitrulline; IndS, indoxyl sulphate; Kynu, L-kynurenine;

Macro, type 1 diabetes with macroalbuminuria; Micro, type 1 diabetes

with microalbuminuria; Normo, type 1 diabetes with normoalbuminuria;

Trp, tryptophan
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Discussion

In the present study including 161 individuals with type 1

diabetes and 50 healthy control individuals with equal sex

and age distribution, we examined the composition and taxo-

nomic profiles of the gut microbiota and a panel of measured

plasmametabolites to identify potential associations of the gut

microbiome and the plasma metabolites with type 1 diabetes

without and with early renal complications. Compared with

healthy control individuals, in participants with type 1 diabe-

tes we observed differences in the gut microbiota composition

and taxonomy as well as in levels of several circulatingmetab-

olites. Among individuals with type 1 diabetes, we found that

relative abundance of certain gut bacteria genera and plasma

concentrations of some metabolites were associated with the

level of albuminuria, both in unadjusted and adjusted

analyses.

Small studies in humans and rodents have examined the

microbial composition in CKD at advanced stages [19].

Although different sequencing methods have been used and

different bacterial taxonomic resolution levels have been

achieved, alterations in the gut microbiota of individuals with

ESKD have been observed compared with control individuals

[4, 5, 19]. In one study, individuals with ESKD receiving

haemodialysis had a gut microbiota composition that was

distinct from that of healthy controls, characterised by signif-

icantly higher relative abundances of 190 microbial operation-

al taxonomic units (OTUs) [4]. To examine the effect of renal

failure per se, the gut microbiota in nephrectomised rats were

examined and different bacterial taxa were present compared

with control rats [4]. A study of 30 individuals with ESKD

who were not on dialysis showed translocation of bacterial

DNA to the blood, which was associated with low-grade

inflammation, and the authors suggested that the finding

might potentially have contributed to progression of CKD [5].

In our study, focusing on the initial stages of diabetic

nephropathy with preserved renal function but increasing

albuminuria between the study groups, we found that ten

genera of gut bacteria differed significantly between individ-

uals with type 1 diabetes stratified by levels of albuminuria.

Differences remained after adjustment for several relevant

potential covariates, with 13 significant differences in genera

when adjusting for medication, HbA1c and diabetes duration

and 25 genera with adjustment for diet. Compared with previ-

ous studies in more advanced CKD stages, our study only

included 11 participants with an eGFR between 15–

30 ml min−1 [1.73 m]−2 and none with ESKD. In addition,

the included individuals with type 1 diabetes with micro- and

macroalbuminuria were well-treated according to the relative-

ly low measured levels of albuminuria, with median (IQR)

micro- and macroalbuminuria levels of 1.36 mg/mmol

(0.57–3.73 mg/mmol) and 19.66 mg/mmol (5.99–56.61 mg/

mmol), respectively, which may be reflected in a less

pronounced bacterial taxonomy difference among the albu-

minuria groups.

A general challenge in observational studies of the associ-

ation between aberrant intestinal microbiota and a given

pathology is to control for the impact of confounding factors,

particularly diet. In the present study, the question is whether

the altered gut microbiota is directly linked to diabetic

nephropathy per se and not just altered due to the confounding

or contributing effect of factors such as diet, medication,

HbA1c or diabetes duration. Our adjusted results support the

existence of significant associations between gut bacterial

genera and the subgroups of albuminuria; associations that

are not explained by these factors. Since the FFQ for diet

information was developed for a population-based study

Fig. 4 Differences in plasma metabolite levels among the four study

groups. Differences in plasma metabolite levels were tested between all

individuals with type 1 diabetes and healthy control individuals, and

among the albuminuria groups in type 1 diabetes. Additional adjustments

for medication, HbA1c and diabetes duration were tested among the three

albuminuria groups with diabetes. All 31 plasma metabolites were tested

but only results from those with one or more test at FDR <0.1 are includ-

ed. The colour key indicates effect size as measured using Cohen’s d with

the histogram summarising frequencies of effects in the plot. Ala, alanine;

a-OHB, α-hydroxybutyrate; b-OHB, β-hydroxybutyrate; Cit, L-citrul-

line; Crea, creatinine; DM, type 1 diabetes; HCit, homocitrulline; IndS,

indoxyl sulphate; Kynu, L-kynurenine; Leu, leucine; Macro, type 1 diabe-

tes with macroalbuminuria; Med, medication;Micro, type 1 diabetes with

microalbuminuria; N-NMA, N-methylnicotinamide; Normo, type 1

diabetes with normoalbuminuria; Phe, phenylalanine; Trp, tryptophan
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[14], the diet data at an individual level in our relatively small

study should be interpreted with caution. However, overall the

diet adjusted analyses demonstrated more pronounced differ-

ences between the albuminuria groups compared with the

unadjusted analyses (25 genera vs ten genera).

Whether features of the gut microbiota will eventually add

to the value of albuminuria as a marker of diabetic nephropa-

thy remain to be explored in future longitudinal studies with

analyses of the intestinal microbiota at deep taxonomic and

functional levels.

The colonic microbiota is involved in protein fermentation

of amino acids, including tryptophan, which is broken down

to indole and other derivates [20–22]. Indole is metabolised in

the liver to generate indoxyl sulphate. Circulating concentra-

tions of indoxyl sulphate correlate inversely with the level of

kidney function [23] and an elevated circulating concentration

of indoxyl sulphate is a risk marker for cardiovascular disease,

progression of CKD and all-cause mortality [24, 25]. In

animal studies, it has been demonstrated that indoxyl sulphate

damages renal tubular cells and podocytes [26–29]. In line

with these observations, we observed higher plasma concen-

trations of indoxyl sulphate in individuals with type 1 diabetes

with macroalbuminuria compared with micro- and

normoalbuminuria and an inverse correlation with eGFR.

An aberrant gut microbiota in individuals with CKD may

contribute to higher uraemic toxin levels, which promotes

progression of the disease. Uremic toxins produced by the gut

microbiota increase intestinal epithelial inflammation, resulting

in higher gut permeability. Accumulation of uraemic toxins in

the circulation such as indoxyl sulphate and p-cresyl sulphate

leads to systemic inflammation in capillaries, endothelial

dysfunction and activation of the RASS, which are all common

features of hypertension and CKD [30, 31]. In our study we

found several genera, including Ruminiclostridium 1, a genus

from the Ruminococcaceae family, and genus Anaerostipes

from the Lachnospiraceae family inversely associated with

the plasma concentration of tryptophan in individuals with type

1 diabetes. Other studies have demonstrated associations

between circulating indoxyl sulphate and the gut microbiota

[32–35]. A study by Barrios et al reported associations (both

negative and positive) between plasma indoxyl sulphate and

the relat ive abundance of three OTUs from the

Ruminococcaceae and Lachnospiraceae families. These were

from the genus Ruminococcus, Lachnospira or Oscillospira,

respectively [33]. Interestingly, genus Oscillospira was signif-

icantly and positively associatedwith the albuminuria groups in

our study when the analyses were performed with diet

adjustment.

By the design of our study we can only identify associa-

tions. However, the interaction between the human gut micro-

biota and kidney disease does not seem unidirectional [31].

Individuals with ESKD accumulate uraemic toxins, which

secondarily may lead to affection of the gut microbiota

composition promoting uraemic toxins producing bacteria

resulting in further imbalance of the gut microbiota and

production of uraemic toxins. Triggering of such bidirectional

interaction between the gut microbiota and CKD may require

advanced stages of the disease or ESKD as the taxonomic

associations with diabetic nephropathy disease groups (level

of albuminuria) in our study were not as pronounced

compared with studies in individuals with ESKD. Thus, the

taxonomic and metabolite differences observed in the present

study of initial stages of diabetic nephropathy may reflect an

early phase of such an interaction. Future longitudinal and

shotgun-based sequencing studies of the gut microbiota

allowing for detailed functional microbiomics may facilitate

an understanding of which gut bacterial taxa and microbial

pathways are causing higher circulating indoxyl sulphate

concentrations in people with CKD.

Our study has certain limitations. A limitation is the cross-

sectional design, which does not allow for any conclusions on

directionality of the identified microbiota and metabolite

features nor causality. For the analyses of the gut microbiota,

we applied the 16S RNA gene sequencing approach that allows

determination of bacterial taxa at a modest resolution (genus)

level. Therefore, the lack of deep profiling of the whole

microbiome prohibited us from studying species and subspe-

cies taxonomy and their functional potentials. The strengths of

our study include the well-characterised study samples and the

targeted quantification of measured plasma metabolites.

In conclusion, we identified aberrant profiles of the intes-

tinal gut microbiota and plasma concentration of metabolites

in individuals with type 1 diabetes of long duration. When

stratifying individuals with type 1 diabetes by presence of

normo-, micro- and macroalbuminuria reflecting absence or

presence of initial stages of diabetic nephropathy, we identi-

fied additional differences in both the gut microbiota and the

plasma metabolome.
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